Under the assumption that the current epoch of the Universe is not special, i.e. is not the final state of a long history of processes in particle physics, the breaking of SU (3)C × U (1)EM is investigated. Spontaneous symmetry breaking of U (1)EM is carried out and the electromagnetically charged scalar field φ is found to be ruled out for all experimentally viable masses. In this case, electromagnetism will continue to be a long range force for the lifetime of the Universe. SU (3)C is tested for complementarity, in which the confinement phase of QCD + colored scalars is equivalent to a spontaneously broken SU (3) gauge theory. If complementarity is not applicable, SU (3)C has multiple symmetry breaking paths with various final symmetry structures. The stability of the colored vacuum at finite temperature in this scenario is nonperturbative and a definitive statement on the fate of SU (3)C is left open. Cosmological implications for the metastability of the vacua -electromagnetic, color and electroweak -are discussed.
years. The early Universe combined the weak and electromagnetic interactions, a symmetry that was broken by the Higgs field and is described by the Standard Model (SM) of particle physics. The SM contains all currently known particles and interactions, with the exception of neutrino masses, as well as the spontaneous symmetry breaking (SSB) mechanism of the Higgs field.
Grand unified theories (GUTs) unify the strong and electroweak sectors of particle physics into larger symmetry groups which are broken down to the SM by new scalar fields at earlier times and higher temperatures [1] . They are highly motivated by physics beyond the SM, notably dark matter and quantum gravity, and if realized in Nature would extend the symmetry breaking pattern of the past.
It may be of interest to study symmetry breaking in the future. If the current age and temperature of the Universe are not special with respect to symmetries, then as the previous group structure of the Universe was broken at least once, so may the current structure be broken one or more times. In this case the fate of the Universe may be determined by studying the possible symmetry breaking paths and the effects thereof.
The particle physics framework of the 2.7 K Universe is the gauge group structure SU (3) C × U (1) EM . The remarkable success of both QED and QCD in predicting particle properties, decays and interactions gives compelling evidence that these local symmetries hold today. At earlier times, i.e. at temperatures greater than T ∼ 200 GeV, electroweak symmetry breaking had not yet occurred and the larger group structure of the SM, SU (3) C × SU (2) L × U (1) Y , was unbroken. The hypothesis of spontaneous symmetry breaking of the SM via the scalar Higgs field was confirmed in 2012 in a stunning achievement of experimental collider physics [2, 3] . That discovery, a proof of existence in a sense, allows for the question of future SSB. For SSB to occur, new scalar fields with color and/or electromagnetic charge are needed. The shape of the the scalar potential must be such that the proposed SU (3) C × U (1) EM vacuum is metastable. This work investigates whether the current group structure is truly the final state of the Universe.
The cosmological fate of SU (3) C × U (1) EM has a direct connection to the fate of the Universe. In particular, if U (1) EM is spontaneously broken by an electromagnetically charged scalar field, the cosmic microwave background (CMB) photons gain mass. The photon mass, as shown in section III, is dependent upon the vacuum expectation value (vev) of the scalar field,
where e is the charge of the scalar field in units of electron charge and v is the vev. A sufficiently large vev would give enough mass to the CMB to force the accelerating expansion of the Universe to stop and recollapse into a "Big Crunch." For the SSB potential considered in this work, the allowed masses for an electromagnetically charged scalar field are ruled out. More complicated scalar potentials, e.g. composed of scalar fields carrying both electromagnetic and color charge, or the use of a non-SSB mechanism could affect this conclusion.
II. STABILITY OF THE VACUA
The implicit assumption is that the electroweak vacuum is stable and the SM Higgs vacuum expectation value (vev) of 246 GeV is the true vacuum. This may not be true. More precise measurements of the Higgs coupling to the top quark are needed to determine the stability of the electroweak vacuum, with consequences of metastability outlined in the 1980s [4] . A recent state-of-the-art calculation [5] suggests that we are in a metastable electroweak vacuum with a lifetime of
with the given uncertainties due only to the top quark mass (other SM parameter measurement uncertainties contribute but the top quark mass dominates). This result may be changed into absolute stability or shorter lifetime metastability by physics beyond the SM, including a theory of quantum gravity [6, 7] . The necessary precision on the top quark mass for a 3σ metastability confirmation is ∆m t < 250 MeV [8] .
With the current uncertainty of the top quark mass from direct measurements, m t = 173.21 ± 0.51 ± 0.71 GeV [9] , this question will likely not be answered with additional Large Hadron Collider (LHC) Run II results. Uncertainties of less than 200 MeV may be accessible when the high luminosity (HL-LHC) upgrade is complete and the full dataset taken [10] . The stability of a QCD-QED vacuum is a separate question. The vacuum metastability investigated in this case is due to a colored scalar field or fields with a nonzero vev and/or an electromagnetically charged scalar field with a nonzero vev. The presence of a new scalar charged under SU (2) W × U (1) Yas any field with Q = 0 must be -does affect the shape of the Higgs potential at high energies and therefore may have an effect on electroweak vacuum stability. Ruling out the possibility of a new electromagnetically charged scalar leaves the electroweak vacuum stability question dependent upon future precision measurements of the top quark mass as well as any new physics effects.
III. U (1)EM SPONTANEOUS SYMMETRY BREAKING
In order to break U (1) EM , an electromagnetically charged scalar field φ is introduced. It is a color singlet with charge Q = 1 under U (1) EM and gives rise to a new scalar section of the QED Lagrangian,
with covariant derivative D ν = ∂ ν + ieA ν and field transfor-
The scalar potential is given by
where the field φ gains a vev for the choice of mass parameter µ 2 > 0. Labeling the minimum of the potential v e ,
the Lagrangian is expanded about the minimum. The complex scalar field may be written as
One of the scalar fields gains mass m φ = µ and the other is the massless pseudo-Goldstone boson which provides the longitudinal polarization of the now massive photon.
The photon gains its mass via the kinetic energy term of L ,
A
In order to study the effects of new scalar fields in the current epoch, we calculate the scalar potential at the temperature of the cosmic microwave background (CMB) today. Solving V (φ, T ) for T ≈ 10 −4 eV gives an estimate of the effects in terms of a relationship between the parameters of the model.
It is important to note that the finite temperature field theory equations assume both equilibrium conditions and homogeneity of the medium. To accommodate the non-equilibrium conditions -the CMB has a thermal distribution but is not in equilibrium due to the expansion of the Universe -a time slice at T = 2.7 K is used. Equilibrium is assumed for this moment in time. The assumption of homogeneity in the Universe is length scale dependent. On the largest length scales both homogeneity and isotropy appear to hold. This work is concerned with such cosmological scales.
Closely following the treatment of both Coleman and Weinberg 1973 [11] and Quirós 1999 [12] , the finite temperature potential in terms of the constant background field φ e is given by
where the first term is the zero temperature classical potential as in (5), the second term is the zero temperature ColemanWeinberg correction to one-loop order and the final term is the finite temperature contribution, also calculated to one-loop.
Both zero temperature and finite temperature loop calculations include contributions from all relevant particles coupled to the scalar field. The gauge boson of the U (1) EM gauge group, the fermions charged under it, and the scalar field itself all may run in the loop. Fermions will not be relevant for the temperatures and densities considered here, however photons and φ both contribute to the effective potential.
The 1-loop T = 0 contributions are given, using M S renormalization counter terms with a cut-off regularization and the assumption that the minimum and the scalar mass do not change with respect to their tree level values, that is
to be
Here i = γ, φ and n i the degrees of freedom with n γ = 3 for the newly massive photon and n φ = 1 for the scalar field.
The contributions to the thermal effective potential to 1-loop order are given by
. (12) The high temperature expansion cannot be used in this case and an analytic solution to the temperature dependent integral does not exist. However, a numerical solution is possible under the conditions outlined in the following subsection.
B. Spontaneous symmetry breaking conditions
Any future spontaneous symmetry breaking will depend upon the sign of the quadratic coefficient in the effective potential,
, evaluated at φ e = 0. Two constraints must be satisfied. First, that there has been no SSB until today. This stability condition becomes
Second, that a SSB may occur in the future, and let us take the furthest future possible in temperature, i.e. T = 0,
When this second derivative is negative for temperatures T < 2.7K, with the additional requirement that λ > 0, SSB will occur. Setting these constraints on V (φ e , T ) allows for a numerical evaluation of the integrals for any value of µ 2 and λ, as the derivatives may be taken prior to integration. The equation to be constrained is
where the function f is the second derivative of the thermal bosonic function in [12] , evaluated for the scalar boson at φ e = 0 with the quadratic temperature dependence and the quartic coupling factored out. It is given by
Satisfying both conditions with 0 < λ < 4π requires the allowed masses of φ to be too light -less than an eV -thus ruling out a SSB for U (1) EM .
The stability constraint is satisfied for any µ 2 < 0 and any charge Q as well as for µ 2 > 0 with ranges of allowed Q and λ, so an electrically charged scalar field with the potential in (5) is possible in Nature. It is the transition to a broken symmetry that is ruled out.
IV. SU (3)C SYMMETRY BREAKING -COMPLEMENTARITY
Breaking the symmetry of QCD is not straightforward. The strong coupling α s is nonperturbative at 2.7 K. The effects of SSB in the 2.7 K Universe require finite temperature field theory calculations. Lattice QCD is needed to calculate the nonperturbative corrections to the effective potential of a new color charged scalar field, φ a c , at temperatures below Λ QCD . Complementarity between the confined phase of QCD + φ a c and the broken symmetry phase of SU (3) C may be able to eliminate the need for a SSB to investigate the fate of SU (3) C . A test for the applicability of complementary has been proposed by Georgi [13] . According to that work, the structure of the heavy stable particles of the confined phase must match that of the broken symmetry phase in order for complementarity to hold.
In order to make use of complementarity, however, a continuously varying parameter must take the confined phase of QCD + a colored scalar field to the spontaneously broken SU (3) C . The mass parameter of a colored scalar field (or fields) is a natural choice as it mirrors the process of U (1) EM . The finite temperature effective potential calculations for colored scalars require the use of lattice QCD. There is a possibility of 3 colored scalar fields being able to manage the transition [H. Georgi, personal communication] but the nonperturbative calculations are far beyond the scope of this work. It may be of interest to note that 3 colored scalar fields are 1 more than is necessary for a SSB of SU (3) C down to no gauge structure at all.
V. SU (3)C SYMMETRY BREAKING -SSB
With the applicability of complementarity unclear, the possibility of a carrying out a symmetry breaking of SU (3) C remains. Both the adjoint and fundamental representations of SU (3) C are a priori viable as the masses of the gluons are unconstrained in the future. When restricting to SSB, at least 1 colored scalar field in the fundamental representation is added to the theory of QCD and multiple final states of gauge symmetries are possible. For SSB of SU (3) C to end with no local symmetries, 2 new colored scalar fields are needed. The other possible final symmetry states, a gauged SU (2) or U (1), are realized with one new colored scalar field. An example of a final SU (2) symmetry is sketched out next.
For SU (3) C to be spontaneously broken to an SU (2), a colored scalar triplet, φ a c is proposed. This new Higgs field has a (3, 0) assignment under SU (3) C × U (1) EM and removes one rank from the strong force gauge group, leaving the structure SU (2) BC × U (1) EM . Here BC stands for "broken color." The minimal effective potential at tree level is 
with color indices suppressed. On purely dimensional analysis grounds it may be argued that any contribution to 
